Introduction
The dominant production mechanism of top quarks at the LHC is pair production through the strong interaction (tt). Electroweak production of single top quarks is more rare, but provides essential complementary information for furthering our understanding of the SM. Being the heaviest particle in the SM, the top quark plays an important role in many new physics models. Measurements of rare processes involving top quarks are therefore essential tests of the SM.
The latest results on single top quark production and rare production channels of top quarks from ATLAS 1 and CMS 2 are presented below. The majority of these results are based on data from proton-proton (pp) collisions at a center of mass energy of 13 TeV, and unless otherwise specified, these conditions are assumed. Analyses discussed in this document generally use events with electrons and muons in the final state, and therefore 'leptons' will only refer to electrons and muons unless otherwise stated.
Single top quark production
Production of single top quarks in the t-channel is highly sensitive to the proton's parton distribution functions (PDF) since the flavor of the incoming quark determines the charge of the top quark. Through this process one can additionally measure the CKM matrix element V tb . Using events with a single isolated lepton and several jets in 35.9 fb −1 of pp collision data, CMS measured |f LV V tb | = 1.00 ± 0.08 (exp) ± 0.02 (theo), where f LV is a modification factor, and the charge ratio σ t-ch,t /σ t-ch,t = 1.66 ± 0.02 (stat) ± 0.05 (syst). 3 Combinations of all 7 TeV and 8 TeV measurements of single top quark production in the t-and s-channels and in association with a W boson, from ATLAS and CMS, were recently performed. These result in more precise measurements of each of the production cross sections, and the most precise direct determination of V tb to date. 4 The combined value is |f LV V tb | = 1.02 ± 0.04 (exp) ± 0.02 (theo), with a relative uncertainty of about 3.7%, markedly smaller than in the best single measurement where the uncertainty is 4.7%. 5 The cross section and charge-ratio of t-channel single top quark production are measured differentially in the top quark transverse momentum (p T ) and rapidity, the charged lepton p T and rapidity, and the p T of the W boson from the top quark decay, by CMS using 35.9 fb −1 of data. The results are in agreement with predictions from several NLO event generators using multiple sets of PDFs. The cross section is additionally measured as a function of the top quark polarization angle, shown in Fig. 1 , which can be used to probe the structure of the tbW vertex. This is quantified by the so-called top quark spin asymmetry, which is found to be A = 0.439 ± 0.032 (stat + exp) ± 0.053 (syst), in excellent agreement with the SM value of A = 0.436 as predicted by POWHEG. 6 Associated production of a single top quark with a W boson and b quark (tWb) interferes with tt because both processes have the same final state of two W bosons and two b quarks. The first probe of these interference effects is done by ATLAS in events with exactly two b jets and two leptons in 36.1 fb −1 of pp collision data. To attain sensitivity to the interference effects a differential cross section measurement of tt + tWb is done as a function of m minimax 3 Rare top quark production Production of a single top quark and a photon (tγq) is sensitive to the top quark's charge, and its electric-and magnetic dipole moments. A search for this process is performed by CMS in events with a muon, a photon, and jets in 35.9 fb −1 of data. A boosted decision tree (BDT) is used to separate the signal from the background, and a fit to the BDT distribution results in a cross section measurement σ(pp → tγq)B(t → µνb) = 115 ± 17 (stat) ± 30 (syst) fb, in a fiducial volume characterized by p γ T > 25 GeV, |η γ | < 1.44, and ∆R(X, γ) > 0.5, where X signifies a muon or parton. The signal has an observed (expected) significance of 4.4 (3.0) standard deviations (s.d.) over the background only hypothesis, the first evidence for tγq. 8 Single top quark production in association with a Z boson (tZq) is a rare process that until recently remained unobserved. It depends on the tZ and WWZ couplings, and is highly sensitive to the presence of new physics because of unitary cancellations in the SM. A new search for this process is done by CMS, using events with three leptons in 77.4 fb −1 of pp collision data. A crucial improvement is the usage of a BDT-based lepton identification, which increases the signal efficiency while lowering the background from nonprompt muons (electrons) by a factor 8 (2) compared to the lepton idenficiation used in the previous CMS search for tZq. The tZq cross section is extracted from a fit to BDT distributions in three event categories based on the number of jets and b jets. The result is σ(pp → tZq → t q) = 111 ± 13 (stat) +11 −9 (syst) fb, for dilepton invariant masses above 30 GeV with = e, µ, τ , in agreement with the SM expectation. The observed (expected) significance of the signal is 8.2 (7.7) s.d. above the background only hypothesis, marking the first observation of this process. The distribution of the BDT discriminant for events with 2 or 3 jets, one of them b-tagged, the most important event category, is shown in Fig. 1 . 9 An extremely rare and unobserved process is the production of four top quarks (tttt), which has a SM cross section σ SM (tttt) = 12.0 fb. Because of the presence of four top quarks, the process is characterized by large jet and b jet multiplicities. About 40% of tttt events lead to a final state with one lepton or two leptons of opposite sign ( / + − channel). In this final state the backgrounds, in particular that from tt, are large. Decays to two leptons of the same sign, or three or more leptons (multilepton channel) have a branching fraction of only 12%. Nonetheless such events are expected to form the most sensitive channel for tttt searches because of the small backgrounds, which mainly come from tt production in association with a W, Z or H boson.
Using 36.1 fb −1 of data, ATLAS carried out searches for tttt in both the / + − and multilepton channels. In the former channel, jets are reclustered using the anti-k T algorithm with a large distance parameter. These large-R jets are checked for compatibility with a hadronic top quark decay. Events are then categorized according to the number of jets, b jets and large-R jets, and events in each category are further binned in the amount of hadronic transverse energy. A unique feature of this analysis is the data-driven prediction of the tt background, based on measurements of the probability of an additional jet in tt events being b-tagged. 10 In the multilepton channel, a general search for new phenomena is carried out at high E miss T and high hadronic transverse energy. Events are binned according to the lepton flavor and the number of b jets, and the results are interpreted in terms of tttt production. 11 The combination of the two aforementioned searches results in an observed (expected) signal significance of 2.8 (1.0) s.d. The observed deviation from the expected result is due to an upward fluctuation in the multilepton search.
Recently CMS also carried out a search for tttt in / + − events with 35.9 fb −1 of data. Events are subdivided according to the number of leptons, their flavor, and the number of jets and b jets. A combination of BDT-based top-tagging and information about the event topology, hadronic activity and b-tagging is used to train several BDT discriminants, which are fit to obtain the final result. 12 Combination with an earlier result in the multilepton channel 13 results in an observed (expected) signal significance of 1.1 (1.4) s.d.
The complete Run 2 dataset, corresponding to an integrated luminosity of 137 fb −1 , was used by CMS to carry out a new search for tttt in the multilepton channel. Cut-and BDT-based analyses are performed simultaneously, with the former being a cross-check. The simulations of the most important backgrounds, ttZ and ttW, are corrected based on tt data. A fit to the BDT distribution, shown in Fig. 1 , results in a measured cross section σ (tttt) = 12.6 +5.8 −5.2 fb and an observed (expected) signal significance of 2.6 (2.7) s.d. This is the most sensitive probe of tttt production by a large margin at the time of writing. The cross section measurement can also be used to constrain the top quark yukawa coupling (y t ). One of the production diagrams of tttt involves a virtual H exchange, so the cross section is proportional to |y t | 4 . The measured cross section, on the other hand, decreases as a function of |y t | as the expected ttH background increases. The comparison of the measured and expected cross sections as a function of y t /y SM t , results in a 95% C.L. upper limit y t /y SM t < 1.7. 14 Charged lepton flavor violation (cFLV) can occur in the SM by means of neutrino oscillations, but it is so rare that it is far beyond our current experimental reach. As such, the observation of cFLV would be a clear sign of the presence of new physics. The first direct search for cFLV in top quark decays is carried out by ATLAS in 79.8 fb −1 of pp collision data. The search targets the decay t → ± ∓ q, and uses events with three leptons and several jets out of which there is at most one that is b-tagged. A BDT discriminant, plotted in Fig. 2 , is used to separate the signal from the background. The data are found to be consistent with the SM, and the resulting 95% C.L. upper limits on the cFLV branching fraction are B(t → q) < 1.86 (1.36 +0.61 −0.37 ) · 10 −5 if = e, µ, τ , and B(t → eµq) < 6.6 (4.8 CRZ  SR1  SR2  SR3  SR4  SR5  SR6  SR7  SR8  SR9  SR10  SR11  SR12  SR13  SR14  SR15  SR16  SR17   0   2 Data/Pred. (left) 7 , BDT distribution of the cFLV search (right)
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